In this article, the characteristics and structure of rabbit skin gelatin (RG) films were measured and compared with porcine skin gelatin (PG) films. The RG film was 8-10 μm thinner than that of PG film. RG films had better resistance to water and lower water solubility than did the PG film with the same gelatin and glycerol ratio due to the difference in their amino acid composition. The two types of gelatin films were almost transparent, which could give food a good appearance quality if these are used as packaging films. Both showed excellent barrier properties against UV light and could prevent the lipid oxidation reaction induced by ultraviolet light in the food system. The RG and PG films showed similar trends in mechanical properties as the change of their components. In general, the rigidity of the RG films was slightly lower than that of the PG films, but the flexibility was more prominent. This was due to intense interaction between gelatin molecules and glycerol molecules in RG films, but the dominant interaction was between the gelatin molecules in the PG films. The surfaces and cross-section microstructures of the RG and PG films were smooth and homogeneous， however for the RG films were more compact compared with the PG films.
Introduction
Plastic products made from petroleum-based polymeric materials are widely used in food packaging due to their good structural properties, water and gas barrier properties, low production cost and unique aesthetic properties. [1] However, these materials have some disadvantages, for example, they are difficult to biodegrade, and they are synthesised from a non-renewable source. [2] There is growing interest in biodegradable packaging materials for solving the problem of environmental pollution caused by plastic packaging products, and scholars are attempting to use biodegradable packaging materials to replace plastic materials. Natural biopolymers have been increasingly gaining attention in the manufacturing of biodegradable films because of their biocompatibility and biodegradability. [3] Proteins and polysaccharides are two types of macromolecules that are often used to prepare biodegradable membranes. Proteins as homopolymers have a unique structure (based on 20 different monomers) that is contrary to polysaccharides, which confers a wider range of potential functions in natural biopolymers, especially high intermolecular binding potential. [4] Thus, the mechanical and barrier properties of protein-based films are better than those of polysaccharide-based films. [5] Gelatin is a soluble protein derived from the partial hydrolysis of collagen that has attracted attention for the development of biodegradable films due to its abundance, biodegradability and excellent film-forming properties. [6] [7] [8] Gelatin has been the most popular studied material for the preparation of biodegradable packaging films because it could be used as an outer coating to protect food against drying, light and oxygen. [9] Ahmad et al. [10] prepared gelatin films incorporated with lemongrass essential oil (LEO) to wrap sea bass slices, and they found lower changes in colour, K value and total volatile base nitrogen in LEO film-wrapped samples compared with the control. Jang et al. [11] found that strawberries packaged with rapeseed protein-gelatin films have lower amounts of yeast and moulds, better sensory scores and longer shelf life than the control. Antoniewski et al. [12] utilised gelatin films as a coating for fresh meat and discovered a reduction in the colour deterioration for gelatin-coated fresh meat compared with the control because gelatin films act as an oxygen barrier. Benjakul et al. [13, 14] found that fish gelatin-based films incorporated with palm oil, basil essential oil and epigallocatechin gallate could inhibit the oxidation of some food components during storage.
Most commercial gelatins are currently sourced from skin and bones of pigs or cows. [15] With the emergence of bovine spongiform encephalopathy (BSE) and due to religious beliefs, the application and safety of traditional mammalian gelatin have been restricted and argued for many years. There has been great interest in gelatin alternatives, and among them, aquatic gelatin could be a potential alternative because of rich raw material resources. [6, 16, 17] However, compared with porcine or bovine gelatin film, aquatic gelatin film has poorer mechanical properties and higher water solubility [18] [19] [20] since their lower amounts of proline and hydroxyproline. [21] [22] [23] Therefore, it is necessary to find a potential alternative of traditional mammalian source to prepare high-quality gelatin films.
Rabbit skin is a major by-product of rabbit meat processing industries, and discarding it could cause waste and environmental pollution. As an alternative to traditional mammalian gelatin, rabbit skin gelatin has fewer restrictions on its consumption in the religious and social domain compared with pork and cattle. Yu et al. reported on the amino acid composition and gel properties of rabbit skin gelatin were similar to pork and cattle. [24] Thus, rabbit skin could be a better source of gelatin to replace mammalian sources compared with aquatic resources. However, the characteristics and structure of RG films have not been reported in previous research.
The purpose of this study is to evaluate whether RG film could be a potential alternative of PG film by comparing their properties. RG films was prepared, and their thickness, water vapour permeability, water solubility, transparency and mechanical properties were investigated and compared with PG films. Furthermore, Fourier transform infrared (FT-IR) spectroscopy and scanning electron microscopy (SEM) of RG films were also investigated and compared to determine the difference of their microstructure.
Materials and methods

Materials
Fresh rabbit skin was generously provided by A Xing Ji Industry Co., Ltd. (Chongqing, China) and stored at −20°C before use. Porcine skin gelatin (Type A, powder, gel strength-300 g Bloom) was purchased from Sigma-Aldrich International GmbH (St. Louis, MO 63103, USA). Sodium dodecyl sulfate (SDS), Tris, ammonium persulfate, β-mercaptoethanol (2-ME), Coomassie Blue R-250 and N, N,N',N'-tetramethylethylenediamine (TEMED) were procured from Bio-Rad Laboratories (Hercules, CA, USA). Glycine, glycerol and bromophenol blue were obtained from Sangon Biotech Co., Ltd. (Shanghai, China), and 30% acrylamide (the mass ratio of acrylamide to bis-acrylamide was 29:1) was obtained from Beijing Solarbio Science and Technology Co., Ltd. (Beijing, China). Page Ruler TM Unstained Protein Ladder was purchased from Fermentas (Beijing, China). All of the other chemicals were of analytical grade.
Extraction of rabbit skin gelatin
The rabbit's hair was removed and gelatin was extracted from rabbit skin according to the method from Yu et al. [24] and Ma et al. [25] with slight modifications. After removing hair, the rabbit skin was pre-treated for 5 min at room temperature in 1% (w/v) hydrochloric acid at a skin/solution ratio of 1:6 (w/v) with discontinuous stirring. Subsequently, the samples were washed thoroughly with distilled water until the washing water was approximately neutral. The pretreated rabbit skin was mixed with distilled water at 60°C for 6 h in a skin/water ratio of 1:3 (w/v) in a SHZ-B thermostat water bath oscillator (Jiangren Experimental Equipment Co., Ltd., Shanghai, China) to extract the gelatin. The mixture was then filtered and centrifuged at 12,800 g for 20 min using a 5810 Centrifugal Machine (Eppendorf AG, Hamburg, Germany). To improve the purity of the gelatin, a 6% siliceous earth solution was added to the gelatin solution at a volume ratio of 1:50 (siliceous earth: gelatin), followed by vacuum filtration using a microfiltration membrane that was 1.2 μm in size. The solution was dried under vacuum (0.07 MPa) at 50°C until the moisture level was below 15%.
Film preparation
The film-forming solution (FFS) was prepared by dissolving 4 g or 5 g of gelatin powder in 100 mL of distilled water with a designated amount of glycerol (22% or 30% of 4 g of gelatin, and 30% of 5 g of gelatin, respectively) and then incubated at 60°C in a water bath (DZKW-D-2, Yongguangming Co., Ltd, Beijing, China) with slight stirring. The film-forming solution (FFS) (30 mL) was cast onto a disposable plastic petri dish (13 × 13 cm 2 ) and dried in an electric heat drum wind drying oven (DGG-9140A, Zhejiang, China) at 45 ± 1°C for 24 h. The dry films were manually peeled off and stored in a desiccator for 48 h and then subjected to the following analyses.
Characterisation of the gelatin films
Film thickness
The thickness of the film was measured using a micrometer caliper (Shanghai Chuan Lu Measuring Tool Co., Ltd, China) with an accuracy of 0.001 mm. Ten random positions of each film for three films were used for thickness determination, and the mean values were calculated.
Water vapour permeability (WVP) WVP of the films was measured using a water vapour permeability testing system (W3/060, Labthink Co., Ltd, Shandong, China). The relative humidity and test temperature were 60% and 25°C, respectively. Six films of each sample were tested.
Colour
The colour parameters, Lightness, Redness and Yellowness, were measured using a colourimeter (Ultra Scan Pro, HunterLab Co., Ltd, USA) and expressed as the L*, a* and b* values, respectively. Three replicates of each film were tested.
Light absorption and film transparency
The films were cut into a rectangle piece and directly placed into the test cell of a UV-752 spectrophotometer (JingHai instrument Co., Ltd, Shanghai, China) using an empty test cell as the reference. The measurement was performed in triplicate, and the average of three spectra was calculated. The light absorption at wavelengths ranging from 800 to 200 nm, and the transparency of the films was calculated using the following equation [26] : Transparency (A/mm) = -log T/X where A = absorbance at each wavelength, T = transmittance (%) at each wavelength, and x = film thickness (mm). A higher transparency indicates more opaqueness.
Electrophoretic protein patterns
The molecular weight of the gelatin was determined using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as described by Weng et al. [27] with a slight modification. The film sample (50 mg) was immersed in 25 mL of protein denaturing solutions. A 4% stacking gel and 6% separating gel were used. The gel was scanned using a G:BOX EF gel imaging system (Syngene, Cambridge, UK), and the intensities of the bands were analyzed using the Gene Tools software (Syngene).
Water solubility
The water solubility of the gelatin films was determined according to the method of Gontard et al. [28] Film portions of 4 cm 2 (2 × 2 cm 2 ) were weighed (±0.0001 g) and subsequently dried in the electric heat drum wind drying oven at 105°C for 24 h. Then, films were recovered and re-weighed (±0.0001 g) to determine the initial dry weight (W i ). The samples were immersed in 30 mL of distilled water with gentle shaking for 24 h at room temperature (25-28°C). The samples were then passed through Whatman no. 1 filter paper. Then, the filter paper together with the undissolved film was dried at 105°C for 24 h and weighed (W f ). All tests were carried out in triplicate. The water solubility (WS%) of the gelatin films was calculated using the following equation:
where W i = the initial dry film weight and W f = the final dry film weight.
Mechanical properties
The tensile strength (TS), percentage elongation at break (EAB) and Young's modulus (YM) were determined using an electronic tensile testing machine (XLW-PC, Labthink Co., Ltd, Shandong, China) at room temperature (25-28°C). The films were cut into rectangles (50 × 15 mm) and fixed on the instrument. The initial gauge and the stretching speed were respectively 15 mm and 50 mm/ min. The maximum load and spacing were recorded during the stretching process. TS and EAB were evaluated in six samples from each type of film. TS was calculated according to the follows:
where Fmax is the maximum load (N) needed to pull the sample apart, Φ is the cross-sectional area (m 2 ) of the samples. EAB was calculated by the following equation:
where ΔL is film extension at the point of sample rupture, L 0 is the initial length of the film.
FT-IR spectroscopy
FT-IR spectra were obtained from discs containing 1 mg of the films (previously conditioned for 2 days in desiccators containing silica gel) in approximately 1 g of potassium bromide. All of the spectra were obtained using a Spectrum 100 infrared spectrometer (Perkin Elmer, Boston, MA, USA) in the range of 4000-450 cm −1 at a data acquisition rate of 4 cm
. Curve fitting was subsequently performed using Peak Fit v4.0. All experiments were performed at least in triplicate and are represented as average spectra.
Scanning electron microscopy
Films were observed using scanning electron microscopy (JSM-6610, Shimadzu Co., Ltd, Japan). They were cut into small strips and mounted on copper stubs perpendicular to their surface. Samples were gold-coated and observed using an accelerating voltage of 10 kV.
Statistical analyses
Statistical analysis was performed using SPSS 13.0 for Windows (SPSS Inc., Chicago, IL, USA). Duncan's multiple range tests were used to compare the difference among the mean values at the level of 0.05. The data was expressed as mean±SD (standard deviation).
Results and discussion
Film thickness
The thickness of the RG and PG films ranged from 65 to 93 and 73 to 103 μm, respectively. Gómez et al. [29] found that the thickness of the bovine gelatin films prepared on a 120 × 120 mm 2 plate with 40 mL gelatin solutions at a concentration of 4 g/100 mL were approximately 100 μm, and the thickness was the same as the PG films in the experiment but slightly thicker than the RG films. As the Table 1 shows, the thickness of the RG films was lower than the PG films. The difference in thickness might be due to the different gelatin sources, resulting in different amino acid composition and the size of the triple helical structure etc. [21] With increased glycerol concentrations, the thickness of the RG and PG films increased significantly (p < 0.05). More glycerol molecules could penetrate the gelatin network quickly to interact with the gelatin molecules that contributed to forming a thicker gelatin film. [30] With gelatin additions, the thickness of the RG and PG films also increased. This might be due to the gelatin molecules forming a unique gelatin network structure via hydrogen bonds, and the volume of the network structure increased with increasing gelatin additions. [31] However, the increase of RG films is not significant (p > 0.05), which implied that the increase of PG content had a greater effect on the thickness of gelatin film than it for RG.
Water vapour permeability (WVP)
The WVPs of the RG and PG films are shown in Table 1 , and the values increased with increasing gelatin additions and glycerol concentrations. The WVPs of the RG films were lower than in the PG films, which might be due to the differences in amino acid composition. [22] According to the results of Yu et al. [24] , the content of very hydrophobic amino acids (cystine, valine, methionine, isoleucine, leucine, phenylalanine, tryptophan) in rabbit skin gelatin was 137 g/100 g, which was higher than that of porcine skin gelatin with 105 g/100 g, thus increasing the hydrophobicity of the RG films and resulting in lower WVP values. In addition, amino acids (proline and hydroxyproline) could stabilise the ordered triple helical conformation when the gelatin formed the gel network, which was beneficial to the diffusivity of water molecules. [32] The amino acid content of porcine skin gelatin was higher than that of the rabbit skin gelatin. [24] Thus, the porcine gelatin network became more ordered and stabilised, which promoted the diffusivity of water vapour through the gelatin films and resulted in higher WVP values. The colour of gelatin films can reflect the appearance of food and acceptability by the consumers. As Table 2 shows the a*-value of all films were very close with white standard plate and had no significant difference (p > 0.05). The L*-values of the resulting films ranged from 96.13 to 96.77, which is close to the white standard plate (L* = 98.92), indicating that the films were almost transparent. The tendency of L*-values from RG and PG films were opposite with increasing gelatin additions and glycerol concentrations. We speculated that more intense interaction between gelatin and glycerol could be in RG films, which might decrease its L*-values slightly.
The b*-values of all films were slightly lower than the white standard plate (b* = 1.02), which indicated the films were slightly yellowish. The stronger reaction between the glycerol molecules and the reactive group of lysine in the gelatin during the high-temperature (60°C) heating process may also result in the yellowness. [33] The b*-values of the RG films was higher than the PG films, which also indicated that more intense interaction between gelatin and glycerol existed in RG films. In general, Figure 1 shows that the two gelatin films are almost transparent; thus, they will not affect the appearance of food if they are used as packaging films.
The b*-values of the RG and PG films decreased with increasing glycerol concentration from 22 to 30%, which could be due to the effect of the dilution of the proteins because glycerol is an uncoloured compound. [34] Furthermore, the b*-values reached the highest upon increasing the gelatin additions and glycerol concentrations to 5 g/100 mL and 30%, which might be caused by the stronger reaction between the glycerol molecules and lysine. Table 2 . Colour parameters of the rabbit skin gelatin films and porcine skin gelatin films. 
Light transmission and transparency
The light transmission in the UV and visible region at selected wavelengths from 200 to 800 nm and the transparency at 600 nm of the RG and PG films are shown in Table 3 . The light transmission of UV light at 280 nm was in the range of 11.99-19.39%. A very low transmission (0.23-0.36%) was found at 200 nm, which means that the two kinds of gelatin films have excellent barrier properties against UV light and could prevent a lipid oxidation reaction in the food system induced by ultraviolet light. [3] Prior research [35] showed that protein components with a high molecular weight (α-chain and β-components) were more likely to absorb ultraviolet light than those with a low molecular weight, and with a higher content of aromatic amino acids, the ultraviolet light absorption ability is stronger. Thus, the transmission in the UV range of RG was higher than for the PG films, which might be due to the molecular weight distribution and amino acid composition. However, according to the electrophoretic protein pattern of the RG and PG films (Fig. 2) , the composition of the two gelatin subunits and their band strengths were similar and showed no obvious degradation phenomenon, which indicated that there were no significant difference in molecular weight distribution between the RG and PG films. Furthermore, the aromatic amino acid content of rabbit skin gelatin was higher than in porcine skin gelatin [24] ; thus, the difference in transmission in the UV range may be caused by differences in the amino acid composition. Light transmission in the visible range (350-800 nm) of the resulting films was from 80.98 to 92.47%, and the transmission increased with increasing wavelength. Table 3 . Light transmission (%) and transparency of the rabbit skin gelatin films and porcine skin gelatin films. The higher transparency value indicated that the resulting films were less transparent. The transparency value of the RG and PG films at 600 nm was 0.35-0.73, which were lower than those reported by Pereda et al. [36] and Saroat et al. [37] for mammalian gelatin films (0.97 and 3.39, respectively), indicating that the resulting films were quite transparent. In comparison, the transparency of RG film is slightly lower than that of PG film, which was consistent with L*-values of them.
Water solubility
The water solubility of the RG and PG films are shown in Table 4 . There are no significant difference (p > 0.05) between them, but the former had lower values than the latter. The difference may be related to the differences in amino acid composition. [38] The rabbit skin gelatin contained more hydrophobic amino acids, which increased the hydrophobicity of the RG films. Gómez-Estaca et al. [39] reported that water solubility of gelatin based films derived from bovine-hide and tuna skin were 34.3% and 39.9%, respectively. Hanani et al. [19] also proved that fish skin gelatin film had higher water solubility than it from pork and bovine skin. Compared to fish skin gelatin film, RG film has no defects in water solubility, and is more suitable as a substitute for traditional mammalian gelatin film.
The water solubility of the RG and PG films increased upon increasing the glycerol concentration from 22 to 30%. The result could be due to the strong water solubility of glycerol. More glycerol might dissolve in water as its concentration increase to result in the water solubility of the gelatin films increased.
Upon increasing the gelatin content and glycerol concentration to 5 g/100 mL and 30%, the water solubility of the RG and PG films decreased, which might be due to the stronger interaction between the gelatin and glycerol molecules that resulted in an increase in the density of the gelatin films and a decrease in the mobility of molecules. [40, 41] Thus, the water solubility decreased. In addition, the decreased tendency of the RG films was significantly higher than for the PG films under the same condition, which implied that the interaction between glycerol and rabbit skin gelatin molecules was stronger and led to a more dense structure of the rabbit skin gelatin network.
Mechanical properties
The tensile strength (TS), elongation at break (EAB) and Young's modulus (YM) were applied for the characterisation of gelatin film intensity, extensibility and rigidity, respectively. They are usually related to the intermolecular interaction. The mechanical properties of the RG and PG films are shown in Table 5 . The TSs of RG films were 35, 6.6 and 35 MPa at its composition were 4 g/100 mL of gelatin with 22% glycerol, 4 g/100 mL of gelatin with 30% glycerol, and 5 g/100 mL of gelatin with 30% glycerol respectively. The corresponding values of PG films were 32.8, 9.2 and 54 respectively and their EBA were 6.9%, 156% and 9%. The corresponding EBA values of RG films were 7.2%, 188% and 10% respectively.
In general, the TSs of the RG films were lower than that for the PG films, whereas the values of EAB were higher than for the PG films. This result indicated that the rigidity of the RG films was slightly lower than that of the PG films, but the flexibility was more prominent. For an increased glycerol concentration from 22 to 30%, the increased trend of EAB in the RG films was more significantly than in the PG films. That could be due to more interaction between gelatin molecules and glycerol molecules in RG films. The glycerol molecules and gelatin molecules could form hydrogen bonds to cause that glycerol was immobilised on the gelatin network skeleton of film. Thus, the network possessed a stronger binding ability of glycerol and water molecules and led to a better flexibility. However, for increased gelatin additions from 4 to 5 g/100 mL, the increased trend of TS in the PG films was more significantly than in the RG films. This result may due to more gelatin chains interacting with each other to form a stronger gelatin network easily via hydrogen bonds in PG films, which resulted in the PG films being harder and more brittle. As shown in Table 5 , for increased glycerol concentrations from 22 to 30%, the TS and YM of the RG and PG films decreased significantly (p < 0.05), whereas the EAB increased significantly (p < 0.05). This may due to the glycerol acting as a plasticiser to increase the moisture content of gelatin films and improve the mobility of molecules, simultaneously contributing to reducing the intermolecular interaction of adjacent gelatin chains. Thus, the flexibility of the films increased, that is, the EAB increased. [42] Upon increasing the gelatin additions and glycerol concentrations to 5 g/100 mL and 30% simultaneously, the TS and YM of the RG and PG films increased significantly (p < 0.05), whereas the EAB decreased (p < 0.05).
Some research has also proven that films derived from pork gelatin exhibited the greater mechanical properties than those formed using fish gelatin sources [19, 20] The above results proved that the RG film has good mechanical properties and is a better source of gelatin to replace mammalian sources to prepare gelatin films compared with aquatic resources
FT-IR spectroscopy
FT-IR spectra of the RG and PG films are illustrated in Fig. 3 and Fig. 4 , respectively, and the Amide band position of the RG and PG films are shown in Table 6 .The amide-A band was due to the stretching vibration of the N-H group. When the N-H groups of the peptide chain participated in the formation of hydrogen bonds, the position shifted to a lower wavenumber. [43] When the RG and PG films had increased glycerol concentrations from 22 to 30%, the wavenumber of the peak in the amide-A region increased. This might be due to the gelatin molecules that did not react with the increased amount of glycerol molecules in the gelatin network structure, thus weakening the interaction and resulting in decreasing amounts of hydrogen bonds. However, upon simultaneously increasing the gelatin additions and glycerol concentrations to 5 g/100 mL and 30%, the amide-A bands shifted toward lower wavenumbers. This result may be associated with the fact that hydrogen bonds were formed by the interaction between the N-H group on the peptide chains and the -OH group of the glycerol molecules. Furthermore, the RG films showed a more significant decreasing trend and stronger vibration peak for the N-H group than for the PG films, which indicated that the interaction between rabbit skin gelatin and glycerol was more complete, and cross-linking mainly via H-bonds between the gelatin and glycerol was increased. That might lead to a decrease in the L*-value and transparency of the RG film, but a better flexibility than PG films, which was consistent with previous results and analysis.
The amide-I band vibration mode is primarily a C=O stretching vibration. The amide-I bands of gelatin films shifted to lower wavenumbers, indicating that the hydrogen bond interactions between water molecules and gelatin were enhanced, that is, the cross-linking between gelatin molecules was stronger. The RG films displayed the amide-I bands at 1636.2, 1636.0, and 1649.8 cm −1 respectively. Upon increasing the glycerol concentration from 22 to 30% when the gelatin addition was 4 g/100 mL, the absorption peaks showed no significant displacement. However, upon increasing the gelatin addition and glycerol concentration to 5 g/100 mL and 30% simultaneously, the absorption peaks shifted to higher wavenumbers. This Table 5 . TS, EAB and YM of the RG films and PG films. result indicated that water-mediated hydrogen and cross-linking between gelatin molecules decreased when the concentrations of gelatin and glycerol were both higher. Combined with the amide A data, the RG film contained more interactions between the gelatin peptide chains and the -OH groups of the glycerol molecules; thus, the network structure of the gelatin film was more stable and compact. The PG films displayed the amide-I bands at wavenumbers of 1657.3, 1650.5, and 1651.8 cm −1 respectively. Upon increasing the glycerol concentration to 30% when the gelatin addition was 4 g/100 mL, the adoption peaks shifted to lower wavenumbers; then, the adoption peaks showed no significant displacement upon increasing the gelatin concentrations. This result indicated that the main interaction in the PG gelatin films was hydrogen bonding between the gelatin molecules. Therefore, the network structure of the PG films became denser than the network structure of the RG films, thus, the rigidity of the PG films was stronger. This conclusion was consistent with the results of the tensile strength as one of the mechanical properties. The amide-I absorption (1700 to 1600 cm ) is sensitive to the secondary structure of proteins; thus, this region was peak deconvoluted using Peak Fit software, and eight bands were obtained in the range of 1610-1692 cm −1
. According to literature reports [44, 45] , these bands are attributed to the following assignments. RG films: the bands at 1610, 1624 and 1637 cm −1 are characteristic of the β-sheet, the band at approximately 1642 cm −1 corresponds to the random coil, the band at approximately 1658 cm
is attributed to the α-helix, and the bands at 1676, 1682 and 1692 cm −1 are due to β-turns (Fig. 5 ). PG films: the bands at 1610, 1623 and 1636 cm −1 are characteristic of the β-sheet, the band at approximately 1642 cm −1 corresponds to the random coil, the band at approximately 1654 cm −1 is attributed to the α-helix, and the bands at 1663, 1675 and 1692 cm −1 are due to β-turns (Fig.5 ). The contents of the secondary structure were calculated according to the peak areas shown in Table 7 . Upon increasing the glycerol concentrations of the RG films, the β-sheet and random coil contents increased, whereas the α-helix content decreased. This result demonstrated that the interaction between gelatin molecules weakened, and the spatial structure of the protein became loose; thus, the stability of the gelatin films decreased. Upon increasing the gelatin additions, the content of the β-turns increased, the random coil decreased, and the α-helix and β-sheet had no significant changes. This result illustrated that the structure became slightly ordered; however, the main forces included the interaction between the gelatin and glycerol molecules, which meant that change in the orderly transition in the structure was not significant. Upon increasing the glycerol concentrations of the PG films, the structure tended to be Figure 5 . Fourier second-derivative and curve-fitting of the amide-I region (1700-1600 cm −1 ) for the RG (Lower case letters) and PG (Uppercase letter) gelatin films.
disordered. However, upon increasing the gelatin additions, the structure tended to be ordered, which indicated that the interaction between the gelatin molecules dominated in the PG films.
Scanning electron microscopy
The surfaces and cross-sections of the microstructure of the RG and PG films are shown in Fig. 6 and Fig. 7 , respectively. As shown in Fig. 6 , the RG and PG films exhibited smooth and homogeneous surfaces without a grainy structure, which indicated that an ordered matrix was formed and Table 7 . Secondary structure contents of the rabbit skin gelatin films and porcine skin gelatin films. the resulting films had an excellent structural integrity. The surfaces of the RG films were more compact compared with the PG films, which might be due to the abundant interactions between rabbit skin gelatins and glycerol molecules, resulting in a denser structural network. Furthermore, the surface microstructure of the 4 g/100 mL gelatin with 30% glycerol of both the RG and PG films were looser than for other films. This result might be due to the quantities of plasticiser, which produced obvious differences in the morphology of the internal structure. [46] The glycerol decreased the forces between the polymer chains, the free volume increased, and the structure was looser, thus resulting in an increase in the molecular mobility of the films. The cross-sections of the RG and PG films are shown in Fig. 7 . The internal structures of the resulting films were regular, discontinuous and homogeneous.
Conclusion
As a potential alternative to traditional mammalian gelatin films, the characteristics and structure of RG films were researched in this study. Compared with PG films, RG films showed similar thicknesses, transparency, UV light barrier properties and better moisture barrier properties. In terms of mechanical properties, the rigidity of the RG films was slightly lower than that of the PG films, but the flexibility was more prominent. The FT-IR spectra confirmed that there were more interactions between the gelatin peptide chains and -OH groups of glycerol molecules in the RG films; thus, the network structure of the RG film was more stable and dense, given its better flexibility. Meanwhile, the main interaction in the PG gelatin films was via hydrogen bonding between gelatin molecules; therefore, the network structure of the PG films became less dense than the network structure of the RG films. This weakened the binding between the glycerol and water molecules, and thus the rigidity of the PG films was stronger. The SEM results showed that the surfaces of the RG and PG films were smooth and homogeneous. Their internal structure was regular and uniform, which indicated that an ordered matrix was formed in the inner layers. Due to religious reasons and the occurrence of BSE, gelatin obtained from skin, bone and scale of aquatic food processing by-products has gained great interest. However, gelatin films prepared from aquatic raw materials showed lower mechanical and higher water solubility than traditional mammalian gelatin films. In light of the results of this study, RG films did not have defects similar to aquatic gelatin films and can be used as a substitution for traditional gelatin films.
